Information concerning the biological interconversions of carotenoids is fragmentary mainly because the methods for their separation and identification are inadequate. Several hypotheses have been presented. Zechmeister and Sandoval (1946) proposed that the newly discovered phytofluene might be a precursor of the carotenoid pigments. Porter and Lincoln (1950) suggested that the more saturated (ultraviolet light absorbing) polyenes were precursors for the more unsaturated carotenoids with absorption peaks in the visible range. The pathway of biosynthesis was represented as follows: phytoene -+ phytofluene -* c-carotene --neurosporene --lycopene (,y-carotene -÷ 3-carotene) -* oxycarotenoids. Data obtained by other investigators suggest that the carotenoids are not interconverted but that each is synthesized from similar small molecular species by separate pathways (Goodwin, 1955a ).
This report is concerned with the conversions of carotenoids to oxycarotenoids by Mycobacterium phlei. This organism is especially rich in carotenoids and contains an oxycarotenoid, myxoxanthophyll, which seems to be a typical pigment of blue-green algae (Goodwin, 1957) and has not been previously reported in bacteria. The isolation and separation of these pigments will be described.
METHODS
Organisms and culture methods. A dark red strain3 of Mycobacterium phlei was used throughout the investigation. In addition, some lighter colored strains were employed which had been isolated from the original strain as spontaneous mutants. The mutants which are referred to as orange, violet, and white proved to be stable. All strains were grown in a medium containing peptone, 5 g; glucose, 20 g; glycerol, 5 g; Nacitrate .2 H20, 2.5 g; Na2HPO4, 4 g; KH2PO4, 3 g; MgSO4-7H2O 1 g; per L. (Goodwin and Jamikorn, 1956) . Stock cultures were grown on slants prepared with this medium supplemented with 2 per cent agar. Mass cultures were grown in 3-L Fernbach flasks shaken at 30 C for 48 hr; from 1 L of medium 10 g (wet weight) of bacteria were obtained. For certain experiments diphenylamine was added to the mediuii as a 0.1 per cent alcoholic solution before autoclaving.
Extraction and separation of epi-and hypophasic pigments. After washing with water, 10 g wet cells were suspended in 50 ml methanol, centrifuged, and successively extracted four times with 50 ml tetrahydrofuran-methanol (1:1) followed by two extractions with 50 ml tetrahydrofuranpetroleum ether (1:3). The last supernatant is nearly colorless, although the cells are still slightly colored. The combined extracts were evaporated in a Rinco-Evaporator apparatus (Rinco Instrument Co., Greenville, Illinois) to a volume of approximately 50 ml. Fifty ml of 10 per cent KOH in methanol were added and the solution was saponified by shaking at 37 C for 2 hr. The volume was reduced to 50 ml, and 50 ml of petroleum ether were added. The mixture was washed with an aqueous solution of 5 per cent NaCl (in order to break the emulsion) and then finally with water. The petroleum ether contains part of the pigments in the form of red particles. When the petroleum ether phase was partitioned against 90 per cent aqueous methanol, part of the pigments went into the methanolic phase, while the particles remained in the petroleum ether. Partitioning was repeated twice and the combined methanol fractions were evaporated to 50 ml and the pigment transferred to 310 1959] MICROBIAL CONVERSION OF CAROTENOIDS TO OXYCAROTENOIDS chloroform which was washed with water. Finally, the chloroform was dried by filtration through anhydrous Na2SO4 (hypophase). The petroleum ether fraction (epiphase) was again washed with water to remove the methanol and filtered through anhydrous Na2SO4, which retains the red particles. After washing with petroleum ether, the particulate fraction was eluted from the Na2SO4 with either pyridine or hot tetrahydrofuran.
Purification of the pigments. (a) The epiphasic carotenoids were adsorbed from petroleum ether to mixtures of active and deactivated aluminum oxide (Goodwin, 1952 (Goodwin, , 1955b Goodwin and Jamikorn, 1956) (Schlegel, 1958 Hughes (1951) with an apparatus described by Gest and Nordstrom (1956 Apparatus. The absorption curves were prepared from readings taken with a Beckman model DU spectrophotometer. For radioactivity measurements, the carotenoids were transferred to metal planchettes in a volume of 0.5 ml containing not more than 5 mg dry weight material and dried under an infrared lamp. Chemicals used: Aluminum oxide Merck, reagent grade; petroleum ether, boiling point 35 to 70 C, Bakers reagent; tetrahydrofuran (Eastman Organic Chemicals) was redistilled before use.
RESULTS
Qualitative characterization of the pigments. Media containing 5.8 X 10-5 M diphenylamine produce cells which contain an increased content of epiphasic carotenoids (Turian and Haxo, 1952) . Cells grown in this manner were used for the extraction of pigments. The purified fractions which could be identified by their typical absorption spectra and simple test reactions were: phytoene, phytofluene, c-carotene, :-carotene, -y-carotene, neurosporene, and lycopene.
The pigment previously referred to as the particulate fraction is nearly insoluble in diethyl ether and petroleum ether and could be separated from the epiphasic pigments by filtration through anhydrous Na2SO4 followed by elution with either methanol, chloroform, tetrahydrofuran, or pyridine. The solution was evaporated to dryness, the pigment was dissolved in hot tetrahydrofuran to give a concentrated solution, and precipitated by adding 0.2 volume diethyl ether and 1 volume petroleum ether. After filtering through paper and washing the particles with petroleum ether, the pigment was again redissolved in hot tetrahydrofuran. Three reprecipitations effected a complete separation from the epiphasic carotenoids. In order to determine the degree of separation, isotopic epiphasic material was added to the mixture and the radioactivity was determined at various stages of the separation. The pigment, which is referred to as myxoxanthophyll (phlei), is soluble in the tetrahydrofuran, pyridine, and diethylformamide, less soluble in methanol, ethanol, chloroform, and acetone, and nearly insoluble in petroleum ether, benzene, and carbon disulfide. It is characterized by a high adsorptive power and is only partially eluted from aluminum oxide with a pyridine methanol mixture. The specific extinction in tetrahydrofuran at the wave length of maximal absorption (482 m,u, figure 1) was found to be El cm 1 % = 2030. The pigment resembles two oxycarotenoids previously found only in blue-green algae: myxoxanthophyll in Oscillatoria rubescens (Heilbron and Lythgoe, 1936; Karrer and Rutschmann, 1944 ) and aphanizophyll in Aphanizomenon flos-aquae (Tischer, 1938 Quantitative analysis of pigments of several strains of Mycobacterium phlei. Several mutants were selected which were less pigmented than the original strain and the amounts of the various carotenoids in these mutants were compared to the original strain. In addition, the amount of each carotenoid in cells which were grown under comparable conditions in the presence and absence of 5.8 X 10-M diphenylamine (table 1) was determined with the hope that such information would give some insight as to the pathway of biosynthesis.
The colorless carotenoids phytoene and phytofluene were present in large amounts only in cells grown in diphenylamine and in the colorless mutant. The diphenylamine-grown cells are also richer in other epiphasic carotenoids. The ratio with diphenylamine/without diphenylamine was higher in the more saturated carotenoids (phytoene, phytofluene, c-carotene) than in the case of the less saturated (neurosporene and lycopene) or ring-containing (-y-carotene and ,8-carotene) carotenoids. In the diphenylamine-grown cells the epiphasic carotenoids seem to have accumulated at the expense of the oxycarotenoid myxoxanthophyll. There seemed to be no decrease in the total amount of carotenoids when diphenylamine was present in the medium, but rather a slight increase. Only the formation of the more oxidized carotenoids was inhibited by diphenylamine. This relationship was observed even with the light violet strain, which did not contain myxoxanthophyll and where lycopene, (3-carotene, and 'y-carotene were the most oxidized carotenoids. The formation of these was suppressed by diphenylamine in favor of the more saturated ones. These results confirm the work of Goodwin (1952) who, working with Phycomyces blakesleeanus found that diphenylamine blocked the formation of a-, (3-, y-carotene and lycopene.
The amount of carotenoid material in the original strain (10 mg per g dry weight) is relatively high compared with that reported for other organisms so far investigated. Five per cent of the total carotenoids are epiphasic components, 95 per cent are present in the form of myxoxanthophyll (phlei).
Since the quantitative estimations were derived from extinction measurements and not by weight, these data do not give any information about the contamination of the carotenoids by colorless substances, such as hydrocarbons, mycolic acid, and similar compounds. The latter compounds are difficult to remove without affecting the carotenoids.
Centrifugation of the Hughes press homogenate gave two fractions with a different ratio of myxoxanthophyll and epiphasic carotenoids ( Quackenbush (1953, 1956 ) phytofluene from Wallace and Porter (1952) , the other values from Goodwin (1955b In an attempt to follow the incorporation of isotopic carbon from acetate into the carotenoids and thereby obtain information relative to the pathway of biosynthesis, it was soon discovered that many of the fractions were contaminated Ten g of Hughes press homogenate of the original strain were suspended in 40 ml of a mixture of 0.1 M phosphate buffer pH 7.0 and 0.1 M NaCl and centrifuged for 15 min at 15,000 X G with a Servall high speed centrifuge. This procedure was repeated 5 times; the supernatants were combined and both the supernatant and cell residues were extracted in the usual way. Data in mg per g dry weight bacteria. Amount of carotenoids measured by extinction and calculated on the basis Eicml % (450 mrA) = 2500.
with labeled substances not related to the carotenoids and which were not readily removable. Included in the fractions were long-chain fatty acids and hydrocarbons (Anderson, 1939; Assilineau and Lederer, 1953; Noll, 1957; Assilineau, 1957) . Therefore, the more well-defined fractions, SCHLEGEL i. e., the unsaponifiable hydrocarbon fraction containing the epiphasic carotenoids (nonsaponifiable fraction) and the myxoxanthophyll were employed. From the extracted cell residues a protein-deoxyribonucleic acid fraction was prepared and the incorporation of isotopic acetate into this fraction was compared to that in the carotenoid fractions. The cell residues were hydrolyzed in 1 N NaOH for 24 hr at 37 C followed by several reprecipitations employing acid and alkali.
The results are shown in figure 2. Acetate-2-C'4 was incorporated into these fractions at different rates under the conditions described (washed cells in phosphate buffer). The rate of incorporation as well as the absolute incorporation into the nonsaponifiable fraction was greater than either the myxoxanthophyll or protein deoxyribonucleic acid fraction. The nonsaponifiable fraction reaches its highest activity just prior to the exhaustion of the isotopic acetate while there was a continued incorporation of isotopic carbon into myxoxanthophyll. The protein fraction has the lowest specific activity.
Conversion of labeled carotenoids to myxoxantho- Inasmuch as the myxoxanthophyll fraction was more chemically definable, the possible conversion of the constituents of the nonsaponifiable fraction to myxoxanthophyll was studied. The results appear in table 4. Whereas in the control the myxoxanthophyll showed background activity (16.8 cpm), the experiment sample contained 68.4 cpm (corrected for background).
An incorporation of this magnitude was obtained in several experiments, but never a higher amount than 1 per cent of the counts added.
Similar experiments were performed with a phytoene fraction obtained from isotopic white cells. Forty mg nonsaponifiable fraction (23,000 cpm) containing 1.5 mg phytoene were thoroughly mixed with Supercel; then 5 g red cell homogenate were added and also mixed well with the Supercel. After addition of 0.06 M phosphate buffer, pH 7.0, the mixture was shaken aerobically for Goodwin, 1955a, b and Jamikorn, 1956) 
